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Abstract

Infiltration has traditionally been assumed to affect the energy load of a building by
an amount equal to the product of the infiltration flow rate and the sensible enthal py
difference between inside and outside. However, laboratory and simulation research has
indicated that heat transfer between the infiltrating air and walls may be substantial, reducing
the impact of infiltration. In this paper, two- and three-dimensional CFD simulations are
used to study the fundamental physics of the infiltration heat recovery process and a simple
macro-scale mathematical model for the prediction of a heat recovery factor is developed.
CFD results were found to compare well (within about 10 percent) with limited published
laboratory data corresponding to one of the scenarios examined. The model, based on the
steady-state one-dimensional convection-diffusion equation, provides asimple analytical
solution for the heat recovery factor and requires only three inputs: the infiltration rate, the U-
value for the building, and estimates of the effective areas for infiltration and exfiltration.
The most difficult aspect of using the mode is estimation of the effective areas, which is
done here through comparison with the CFD results. With proper input, the model gives
predictions that agree well with CFD results over alarge range of infiltration rates. Results
show that infiltration heat recovery can be a substantia effect and that the traditional method
may greatly over-predict the infiltration energy load, by 80-95 percent at low leakage rates
and by about 20 percent at high leakage rates. This model for infiltration heat recovery could
easily be incorporated into whole-building energy analysis programs to help provide
improved predictions of the energy impact of infiltration.

1| BNL-44294: This work was supported by the Assistant Secretary for Energy Efficiency and Renewable
Energy, Office of Building Technology of the U.S. Department of Energy under contract no. DE-ACO03-
76SF00098.
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Nomenclature

a = dimensionless flow rate (-)

a, = dimensionless flow rate based on total building surface area (-)

A= building envelope total surface area (nf)

A = effective areas for heat recovery mode (nf)

Cp = specific heat capacity of air (1006 Jkg K)

Cos = Specific heat capacity of insulation solid component (1006 JkgK)
Cow = Specific heat capacity of wall sheathing (1200 JkgK)

C1, G, Cs = constants for heat recovery model variable arearatio expression (-)
e = externa wall faces for conduction terms in model development

f1 = effective arearatio for infiltrating wall (-)

f, = effective arearatio for exfiltrating wall (-)

g = gravity (9.81 m/s?)

k = air thermal conductivity (0.025 W/mK)

Keif = effective thermal conductivity of insulation ( 0.025 W/mK)

ks = thermal conductivity of insulation solid component (0.041 W/mK)
kw = wall sheathing thermal conductivity (0.13 W/mK)

L = wall thickness (m)

m = infiltration mass flow rate (kg/s)

p = air pressure (Pa)

Pe = Peclet number (-)

0o = heat energy conducted through wall in model (W/nT)

Q = actual total (conduction and convection) building energy load (W)
Qcond = conduction energy flux through envelope in simplified model (W)
Qeonv = convection energy flux through envelope in simplified model (W)
Qnt = actual energy load due to infiltration (W)

Qinic = conventiona energy load due to infiltration (W)

Qo = pure conduction energy load with no infiltration (W)

t=time ()

T = temperature (K)

T; = inside air temperature (298 K)

To = outside air temperature (274 K)

Ts = temperature of insulation solid component (K)

Tw = wall sheathing temperature (K)

u = air flow velocity (m/s)

U = wall U-value (W/nf)

x = distance co-ordinate (m)

a = insulation permeability (108 n)

DT=T -To, (24 K)

e = infiltration heat exchange effectiveness or heat recovery factor (-)
G = generic diffusion coefficient (kg/m sin this paper)

f =mass fraction of air in wall insulation material (0.99)

m= air viscosity (1.72x10°° kg/ms)

r = air density (kg/nt)

r s = density of insulation solid component (70 kg/nt)

r w = wall sheathing density (544 kg/nt)



t = fluid stress tensor (N/nf)

1. Introduction

Infiltration, accidental air leakage through building envelopes, is a common
phenomenon that affects both indoor air quality and building energy consumption. Infiltration
can contribute significantly to the overall heating or cooling load of a building, but the
magnitude of the effect depends on a host of factors, including environmental conditions,
building design and operation, and construction quality. Claridge and Bhattacharyya (8) note
that a great deal of work has been devoted to the prediction and measurement of infiltration
rates in building systems, but little effort has been directed toward determining the actual
energy impact of infiltration.

Few studies regarding the energy issues of infiltration have been found in the
literature. Based on field measurements taken at 50 residentia buildings, Caffey (6)
concluded that up to 40 percent of the heating/cooling costs in the homes studied was due to
infiltration. In another study of residential buildings, Persily (15) attributed about one-third
of the heating/cooling requirements to infiltration. Sherman and Matson (16) examined
measured |eakage data and found that a high fraction of the space conditioning load in U.S.
residential buildings was due to infiltration. The results of a recent study (14) of U.S. office
buildings performed by the National Institute of Standards and Technology (NIST) estimates
that air leakage accounts for about 15 percent of the heating load in office buildings
nationwide and about 1 or 2 percent of the cooling load. By all measures, the impact of
infiltration can be sizeable and should therefore be considered in calculations of building
energy consumption.

QinfC =mc, (Ti - To) (1)

The conventional method of accounting for the extra load due to infiltration
(explained in Appendix 1) is to add a ssimple convective transport term of the form mc, T to
the energy balance for the building. For single-zone building models the conventional
infiltration load, Qinrc, sShown in equation 1, is the product of the infiltrating air mass flow
rate, the specific heat capacity of air, and the temperature difference between inside and
outside. Thisrelation does not include the effects of moisture in the air and is strictly valid
only if the leaking air does not interact thermally with the building walls. In reality, leaking
air exchanges heat with the walls as it enters and leaves the building, which changes the
thermal profile in the walls and warms or cools the infiltrating/exfiltrating air. This resultsin
different values for the conduction, infiltration, and total heat losses than are predicted by the
conventional method (see Appendix 1). Some studies have shown that this effect could be
substantial suggesting that the conventional method over-predicts the energy impact of
infiltration (2,4,7,8,11).

An improved prediction of the energy load due to infiltration can be made by
introducing a correction factor, the infiltration heat exchange effectiveness, e, or the heat
recovery factor (defined by equation 2), into the expression for the conventional load
(equation 1). In equation 2, Q is the actual total energy load of the building with infiltration
and Q, is the conduction load when there is no infiltration. This heat recovery factor,
introduced by Claridge and Bhattacharyya (8), accounts for the thermal interaction between



leaking air and building walls. The actual infiltration load, Q. is calculated using the heat
recovery factor as shown in equation 3 (detailed in Appendix 1).
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Qi = (1' e)mcp(Ti - To):(l' ©)Qic

At this point, basic information regarding the physical details of the problem (like
genera air flow structure or important transport mechanisms) or the importance of certain
variables (like wall design, leakage path, bulk air temperature difference) is not available,
therefore, infiltration heat recovery is not well understood. The purpose of this study is to
investigate the heat transfer process between infiltrating air and room walls and determine its
effect on the energy load conventionally attributed to infiltration. A primary goal of this work
isto provide afoundation of knowledge about this process by which a fundamental
understanding can be developed and a direction for future work can be determined. Another
goal isto determine the rough size of the infiltration heat recovery effect for a variety of
leakage scenarios. |If the effect is not sizeable, then there would be no point in further work.
A fina goal isto develop a simplified mathematical model for calculation of the infiltration
heat recovery factor that is based on the important physics of the process.

In this paper, two- and three-dimensional computational fluid dynamics (CFD)
simulations are used to investigate the basic physics of the infiltration heat recovery process.
We choose to start with afairly ssmple physical representation (only conduction and
convection are considered for transport) so that an understanding of the phenomenon can be
developed from first principles. Additional processes, like turbulence or radiation, can be
added progressively if necessary. Also, a one-dimensional mathematical model is developed
that can be used to determine the extent of heat transfer between leaking air and walls,
represented quantitatively as the infiltration heat recovery factor. This macro-scale model,
based on the steady-state one-dimensional convection-diffusion equation, provides asimple
analytical relation for the heat recovery factor. It requires only three inputs: the infiltration
rate, the U-value for the building, and estimates of the effective areas for infiltration and
exfiltration. Predictions from the model are compared with results from detailed CFD
simulations and limited experimental results from the literature.

2. General Problem Formulation

The cross-section of a hypothetical test room under a generd infiltration scenario is
shown in figure 1. Small holes in the outer sheathing of the building envelope (plywood in
this study) alow air to leak into the wall cavity and flow through the wall from outside to
inside for the infiltrating wall and vice-versa for the exfiltrating wall. The driving force for
leakage is a pressure differential due to wind and temperature differences between inside and
outside. Figure 1 shows the infiltration problem in its entirety, but in this study only alimited
portion of this environment (the walls and the airspace in the vicinity of the walls) is analyzed



to help understand the infiltration heat recovery process. As infiltration heat recovery is
largely alocalized process thisis al that is necessary.

Eight wall configurations, shown in figures 2 and 3, are examined under various
environmental conditions. Wall geometries 1, 2, 5, and 8 have insulation in the full wall
cavity, while geometries 3 and 4 have empty wall cavities. Walls 6 and 7 are special cases
with only half of the wall cavity insulated. Walls 1, 3, 6, and 7 provide along flow path for
infiltrating air that could potentially create a displacement flow in the wall cavity. Walls 2, 4,
and 5 provide a short flow path for infiltrating air that could isolate air in the top and bottom
sections of the wall. Wall 8 has the possibility for both long and short paths. Leakage rates
through the wall are varied and the inside/outside temperature difference is fixed at 24 K for
most of the cases. The influence of the inside/outside temperature difference is also
examined.
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Figure 1: Cross-section of a hypothetical test room showing the general infiltration problem
(wall geometry 1 shown). The infiltrating and exfiltrating walls have a conduction and
convection energy flux, but all other walls have only a conduction flux.

The example room shown in figure 1 could represent a row-house inner unit and is
composed of a ceiling, floor, front wall, and rear wall with no air leakage and an infiltrating
wall with a corresponding exfiltrating wall both with air leakage. Heat conduction occurs
through all of the walls but the infiltrating and exfiltrating walls also have convective heat
transfer.

We believe the important physics of the infiltration heat recovery process occurs
largely within the wall structure and in the vicinity of the wall surfaces (i.e., afew
centimeters) and the results support this notion. Since the purpose of this study isto
understand the important physics of heat recovery, it is only necessary to analyze this select
region. It isnot necessary to represent the details of the building interior or the entire
building envelope, therefore, the room interior is not represented and the building envelope is



separated into non-interacting wall elements, which are examined individually. Information
from the individual walls is added together to determine the overall impact for a complete
room system. The leaking walls are both of the same geometry type and are matched by their
air leakage rates. The bulk air flow within the room is not represented, but this should not be
a problem because, as Etheridge (9) notes, the internal room air flow has only a secondary
effect on infiltration. The most important influences on infiltration are wind-induced
pressure differences and buoyancy of room air in the vicinity of thewall. It is possible that
radiation has some effect on the heat recovery process, but this topic is not examined here.
The importance of radiation will be assessed in future work.

wall 1 wall 2 wall 3 wall 4

Figure 2: Wall geometries 1-4; 1 & 2 areinsulated and 3 & 4 are empty.

wall 5 wall 6 wall 7 wall 8
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Figure 3: Wall geometries 5-8; special cases.

3. CFD Simulations

The purpose of this study is to investigate the potential heat transfer between
infiltrating air and room walls, quantify its extent through a heat recovery factor, and
determine how this process could affect the energy load conventionally attributed to
infiltration. Previous studies have measured lump quantities experimentally (2,7,8) or



simulated the system using simplified modeling, for example, a prescribed Nusselt number
for the air-wall heat transfer (11). Despite prior research efforts, the fundamental details of
the process are still not known and, therefore, it is not well understood.

In the first part of this study, computational fluid dynamics (CFD) simulations are
used to examine the basic physics of the infiltration heat recovery process in detail. The
individual contributions of conduction and convection to the total heating load are determined
without making fundamental simplifications as in previous work. These components of the
total energy flux are used to calculate the infiltration heat recovery factor.

An advantage of CFD simulations over experimental studiesis that details of the
system, like local flow patterns and thermal profiles, can be resolved helping to provide a
better overall understanding of the physicsinvolved. Also, many important aspects of the
problem that are often difficult to measure, like boundary conditions, material properties, and
flow paths, are prescribed and can be systematically varied with ease. This makes
correlations between different variables, like leakage path length and heat recovery, much
easier. Also, these simulations are quick and inexpensive compared to experiments and can
be used to help design experiments. A disadvantage of such simulationsisthat it is difficult
to represent the complexity of the true system, especially the variations associated with
construction quality and material properties. The systems here are idealized, having
homogeneous material properties and ideal construction. However, the results should be
representative and of practical value with proper interpretation.

The walls are modeled as two- and three-dimensional systemsin the CFD
simulations. Flow and energy transport in the air are determined via the Navier-Stokes and
energy equations, equations 4-6, respectively. A laminar representation is used for the flow,
and solutions show this to be a valid assumption, as the highest calculated Reynolds number
inside or near the wall is only about 2000, based on wall thickness. It is possible that
turbulence could have some effect even at these moderately low Reynolds numbers, so this
will be examined in future work. The plywood sheathing is represented as an impermeable,
solid material. Energy transport within the sheathing is calculated via the conduction
equation, shown in equation 7. Insulation, if present in the wall, is represented as a porous
material. Air flow through the insulation is determined via Darcy’s Law, equation 8, a
common model for flow through porous media (5,11). Energy transport through the
insulation is determined via a modified form of the energy equation, as given by equation 9.
In equation 9, an effective conductivity, given by equation 10, is used in the conduction flux
term and the thermal inertia of the solid component is included in the transient term. A
fundamental assumption in the validity of equation 9 for this application is local thermal
equilibrium between the fluid and solid phases in the porous media. This assumption and
other details of the wall modeling are discussed in Appendix 2.
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Thermal gradients in the system develop due to the difference between indoor and
outdoor conditions and give rise to natural convection. As mentioned previoudly, it is
important to represent the effects of buoyancy on the flow to properly determine infiltration
rates and the heat flux at the wall due to boundary layer formation, so buoyancy is included in
these simulations. A temperature-dependent empirical equation of state for the fluid density,
coupled with the body force term in the fluid momentum equation in the vertical direction
introduces the effects of buoyancy into the flow.

Simulations are performed for the eight wall geometries shown in figures 2 and 3
under various infiltration rates with a constant temperature difference of 24 K between inside
and outside. Air leakage is achieved by imposing either velocity or pressure boundary
conditions at locations far enough from the wall construction to prevent local disturbances
from developing near the wall. This requires there to be some amount of empty space on
either side of the wall. An empty airspace of about twice the wall thicknessis placed on
either side of the wall, which alows a natural convection boundary layer to develop.
Temperature boundary conditions are imposed upon the air on either side of the wall, not
upon the wall itself, meaning heat transfer through the wall structure is calculated entirely as
conjugate heat transfer, i.e., no assumptions are made about the heat transfer (see Appendix 2
for details).

Due to the complexity of the flow, it is not possible to achieve a converged solution,
based on the sum of the normalized residuals, using the steady-state equations. Therefore,
the time-dependent equations are integrated in time until steady-state is reached. The details
of the solution methodology are discussed in Appendix 2. Comparison of results from two-
dimensional simulations using a coarse computational grid (33,000 nodes) and afine grid
(140,000 nodes) for the same wall geometry show that the coarse grid is sufficient to provide
a grid-independent solution. All two-dimensional results presented here are from converged
steady-state solutions using a 33,000-node grid. In the three-dimensional simulations, a
different grid with approximately 100,000 nodes is used. Grid-dependency tests are not
performed for the three-dimensiona cases because the required computational resources are
not available. However, it can be inferred from the corresponding two-dimensional cases that
this grid resolution should be roughly sufficient to provide some useful results. Examination
of the two-dimensional results shows that about 5 to 10 grid points across the thermal and



momentum boundary layers is enough to provide a grid independent solution. In the three-
dimensional simulations, about 5 grid points are used across the boundary layers, which
appears to provide fairly good resolution. Although the three-dimensional results look good
and are from converged solutions, it is not known if the solutions are grid independent. This
should be kept in mind when examining the three-dimensional results. All three-dimensional
results are from converged steady-state solutions using a grid with approximately 100,000
nodes.

4. Results and Discussion

The main point of interest is the extra energy load introduced by infiltration because
this will alow calculation of the heat recovery factor. Thisis determined by first calculating
the heat flux through the room walls with no air leakage, designated as Q,. Then, the energy
flux is determined for the same wall types with air leakage. The difference between the two
values is the infiltration-induced energy load. The convection and conduction energy flux
across the external (outside) face of each wall is calculated for infiltrating and exfiltrating
configurations. Using the external building face for the system control volume boundary is an
arbitrary choice. The interior face could be used as well, however, it isimportant from an
organizational standpoint that the energy accounting be performed at a consistent location.
Detailed results from the wall 1 configuration are shown in Appendix 3 to illustrate the trends
that occur in the flux components as the leakage rate varies. Also, an example isworked in
Appendix 4 using the wall 1 results to illustrate how the heat recovery information can be
used and the potential increases in accuracy it could provide for building energy load
predictions.

4.1. 2D CFD Simulations

Figure 4 shows the heat recovery factor for wall geometries 1-4 determined from two-
dimensiona CFD simulations. The variable on the horizontal axis of the graph is the
dimensionless flow rate (a,), defined in equation 11. It isthe leakage rate non-
dimensionalized by the U-value of the building and the specific heat of air. It was found to
be a useful independent variable when comparing the heat recovery for different cases
because it collapses the data showing the universal trends. In al cases, the heat recovery
factor approaches a value of one at very low flow rates and decreases with increasing flow
rate. Heat transfer is lower at high flow rates because there is less time for energy to be
trangported from the walls to the infiltrating air resulting in lower heat recovery.

a—mCp 11
i_UA (11)

Two distinct trends can be seen in figure 4. One trend is that the walls with holesin a
high/low configuration, walls 1 and 3, have a significantly higher heat recovery factor than
the walls with holes that are straight through, but these straight through geometries still have
asignificant heat recovery effect. Thisis partly because the high/low configuration has a
longer leakage path and, for a given flow rate, the air remains within the wall cavity for a
longer period of time. This allows for greater heat transfer and higher heat recovery
compared to the straight through case.



The other trend is that data points for the high/low configurations fall roughly on a
single trend line, and the same is true for the straight through configurations. That is,
insulated (1 & 2) and empty walls (3 & 4) with the same hole configuration have about the
same heat recovery when plotted against the chosen independent variable, a,. Thissuggests a
universal behavior that may be applicable to all leakage scenarios. Note that the insulated
and empty walls have different leakage rates for a given value of a, because their U-values
are different, but they have about the same heat recovery. This indicates that the non-
dimensional flow rate, a,, is the proper independent variable to use when comparing different
Cases.

The heat recovery factor is calculated for wall 5 using four different flow rates and is
compared to the datafor wall 2 in figure 5. The geometry of wall 5 is the same aswall 2,
except the hole in the sheathing continues all the way through the wall, including the
insulation, and the leaking air is separated from the insulation by a layer of the sheathing
material. Interestingly, this change in geometry has little effect on the heat recovery. The
four points calculated for wall 5 fall essentially on the same trend line as the points for wall 2.
This suggests that the interior details of the leakage path do not have a great affect on the heat
recovery, just the overall hole geometry is important.
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Figure 4: Heat recovery factor determined from 2D CFD smulations for walls 1-4. Solid
symbols show data for walls with a high/low hole configuration (1 and 3) and hollow
symbols show data for walls with a straight through hole configuration (2 and 4). Notice the
two distinct trends—one for each hole configuration.
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Figure 5: Heat recovery factor determined from 2D CFD simulations for walls 2 and 5. Both
walls have a straight through hole configuration but the details of the leakage path are
different-- see figures 2 and 3. Both walls have about the same heat recovery.

The heat recovery factor is calculated for walls 6 and 7 using several different flow
rates and is compared to the data for wall 1 in figure 6. The leakage path is the same for all
of the walls, a high/low hole configuration, but the layout of the insulation in the wall cavity
isdifferent. We thought that this might have some impact on the heat recovery, so these
specia cases were investigated. As figures 2 and 3 show, the insulation fills the entire cavity
of wall 1, while only half the cavity isfilled with walls 6 and 7. Wall 6 has insulation on the
right half of the cavity and wall 7 has insulation on the bottom half. As figure 6 shows, this
change in the wall cavity insulation layout has no significant effect on the heat recovery. The
points calculated for walls 1, 6, and 7 al fall on the same trend line.
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Figure 6: Heat recovery factor determined from 2D CFD simulations for walls 1, 6, and 7.
All walls have a high/low hole configuration but the layout of insulation in the wall cavity is
different for each case-- seefigures 2 and 3. The heat recovery factor for all the walls
follows a single trend line.
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Figure 7: Heat recovery factor determined from 2D CFD simulations for walls 2 and 8. Both
walls have insulated wall cavities. Wall 2 has a single straight through hole configuration
and wall 8 has two straight through holes-- see figures 2 and 3.



The hesat recovery data for walls 2 and 8 is shown in figure 7. Wall 8 issimilar to
wall 2, having two straight through holes, but is also similar to wall 1 with two high/low
holes. The heat recovery for wall 8 is closer to that of wall 2, however, suggesting that this
configuration behaves more like two straight through holes than two high/low holes.

For values of a, less than one, the heat recovery factor for wall 8 shows strange
behavior, dropping sharply with small changes in flow rate and seemingly not approaching
one for no leakage. This strange behavior is due to two-way flow occurring in one or both of
the walls caused by buoyancy induced pressures that act in different directions at different
holes. For example, in agiven wall air may flow into the room through the top hole and out
of the room through the bottom hole. This alows multiple possibilities for flows at
individual holes for a given overall leakage rate or a,. The result isthat for a given overall
leakage rate there is not a unique heat recovery factor. At larger leakage rates higher driving
pressures force the flow direction to be the same for both sets of holes and the data points for
wall 8 show the same trend as wall 2. There is little interaction between the two sets of holes,
i.e., the high set and low set, because the insulation separating them provides a large flow
resistance. A wall of this design may not need to be modeled in its entirety. However,
preliminary studies of this wall with an empty cavity show that there is a significant amount
of interaction between the high and low holes, so this may not be a universal trait for al such
wall designs. Thiswall geometry shows the potential complexity of rea life situations and
deserves further investigation.

A fina point of interest is the influence of the bulk air temperature difference (T; — To)
on the heat recovery factor as it may not scale directly with this temperature difference. CFD
simulations were performed over arange of |eakage rates to examine this possibility. The
bulk air temperature difference was changed from 24 K to 12 K and —18 K for the insulated
wall with a high/low hole configuration (wall 1). The heat recovery factors for these cases
are compared in figure 8 over the range of leakage rates. All three cases, with the 24 K, 12
K, and —18 K difference, have essentially the same heat recovery values and trends. It seems
that the heat recovery scales with the bulk air temperature difference, so this parameter can be
removed from the analysis.



13
o
|
-
9 075 B I q
S s dT=+24K
= Ba
P - A dT=+12K
CI>.> A [ |
3 05 1A B dT=-18K
8
S
(O]
< 0.25
0 T T T T
0 0.25 0.5 0.75 1 1.25

dimensionless flow rate

Figure 8: Heat recovery factor for wall 1 (insulated with a high/low hole configuration)
determined from 2D CFD simulations using bulk air temperature differences (T; — To) of +24
K, +12 K and -18 K. The bulk air temperature difference appears to have no affect on the
heat recovery. Note the decreased range in the dimensionless flow rate.

4.2. 3D CFD Simulations

Three-dimensional simulations are performed for walls 1 and 2 and the results are
compared to those from two-dimensional simulations in figures 9 and 10. In the 3D
simulations, the hole in the wall sheathing is roughly a square, while the hole in the 2D cases
corresponds to along dlit spanning the width of the wall. In al other respects, the 2D and 3D
walls are geometrically the same. This geometric discrepancy causes differencesin the air
flow patterns in and around the wall, but it does not appear to have any significant effect on
the heat recovery. The 3D simulations give nearly the same values and show almost the same
trends for the heat recovery factor for a given hole configuration as the 2D simulations.
Therefore, it may be sufficient to use 2D simulations to study a given wall geometry, which
would mean alarge savings in time and effort compared to 3D simulations.
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Figure 9: Heat recovery factor determined from 2D and 3D CFD simulations for wall 1, an
insulated wall with a high/low hole configuration. Heat recovery values are essentially the
same for both cases.
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Figure 10: Heat recovery factor determined from 2D and 3D CFD simulations for
wall 2, an insulated wall with a straight through hole configuration. Heat recovery values are
essentially the same for both cases.



4.3. Experimental Comparison of CFD Results

The only experimental data available for comparison is that of Claridge and
Bhattacharyya (8). Unfortunately, their experiments do not correspond exactly to the work in
this study, some important details of the experiments are not given making direct
comparisons difficult, and leakage rates were varied only over a narrow range. However, one
of their cases corresponds fairly well to one of ours and can be used for comparison.

The case of Claridge and Bhattacharyya with a diffuse inlet and outlet (inlet B4, outlet
A) issimilar to walls 1 and 3 in this study (high/low hole configuration). They calculated a
heat recovery factor of about 0.80 when a, is 0.05 and about 0.65 when a, is 0.25. Asfigure
8 shows, CFD results for wall 1 give a heat recovery factor of 0.90 when a, is 0.05 and about
0.72when a, is0.25. There are no CFD data available for wall 3 at these low flow rates, but
the trend is the same. Considering the rough nature of the comparison, the experimental and
CFD results show good agreement. There is only about a 10 percent discrepancy in the heat
recovery factor at both points. This suggests that the CFD results are qualitatively, and, most
likely, quantitatively accurate. Also, this suggests that processes which occur naturally in the
experiment but that are not represented in the simulations (turbulence, radiation) may not
have a strong effect on the heat recovery. The CFD technique can, therefore, be considered a
useful tool for study of the infiltration heat recovery process. The CFD results should
provide a sound basis for comparison with our simplified infiltration heat recovery model.

5. Development of the Simplified Infiltration Heat Recovery Model

The objective of the following work is to develop a ssmple macro-scale mathematical
model for the infiltration heat recovery factor, which is based on the important physics of the
process. The model should provide a smple, yet accurate, means for calculating the heat
recovery factor, e, under avariety of environmental conditions, building designs, and |eakage
scenarios. The starting point is the steady-state one-dimensional convection-diffusion
equation (17), shown in equation 12. This simple representation is used because we believe it
includes the most important physical mechanisms and will help provide insight into the heat
recovery process more easily than a complex representation It isasimplified form of the
general transport equation, which appeared earlier in the CFD simulations as the Navier-
Stokes and energy equations (equations 5,6, and 9). In this case, the transient and source
terms are not included and only one dimension is considered.

The immediate purpose of this model is to give a rough idea of the size of the
infiltration heat recovery effect, not incorporation into network codes for dynamic building
simulation If the effect is sizeable and the topic merits further investigation, additions can be
made to the model in future work, if necessary, to help provide more accurate, realistic results
and to make it suitable for use in network codes.



5.1. Convection-Diffusion Equation

The one-dimensional convection-diffusion equation below represents transport by
combined convection and diffusion in a steady flow varying in one spatia direction, i.e., a
one-dimensional flow. Thisrelation isvalid for flows existing in three-dimensiona space (all
real flows), but only those that vary in one direction, for example, a fully-developed pipe
flow. Inequation 12, f represents any scalar flow variable, e.g., temperature or
concentration, and G is the diffusion coefficient for that variable. An analytical solution is
given by equation 13 for the variable f as afunction of the length coordinate x for r, u, and G
constant and for prescribed boundary conditionsand x = O and L. The subscripts 0 and L
represent the bounds of the domain, i.e., the wall thickness, and the parameter Pe is the Peclet
number, given by equation 14.
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Taking f to be temperature, equation 13 can be rearranged to provide asimple
relationship for the temperature at any location between the two bounds, as given by equation
15. Thisrelationship will provide the basis for the heat recovery model. It is appropriate for
application to three-dimensional flows involving complex fluid/solid interactions because the
dominant physical processes of heat recovery (convection and diffusion) interact most
strongly when they are parallel to one another, i.e., thermal energy conducting through a
building envelope is affected most strongly by leaking air flowing parallel to the direction of
conduction. We believe this characteristic feature will alow the phenomenon to be modeled
effectively using a single directional variable resulting in a one-dimensional model. At this
point, Gis left as a generic diffusion coefficient. Later in the model development it will be
given a prescribed value, viainput, so that it takes on an effective value to represent the
composite wall structure.

The next step is to apply equation 15 to a generic building envelope under arbitrary
conditions to determine the energy flux through the walls. The external envelope of the



building used for this analysis is shown in figure 11 along with the relevant variables. This
simplified envel ope represents the envel ope shown in figure 1 with some changes to allow
development of the model. The entire building envelope has been separated into two kinds of
sections, those that are affected by infiltration and those that are not. Areas of the envelope
that are affected by leaking air are represented by A1 and A2 (infiltrating and exfiltrating,
respectively) and have both a convection and conduction energy flux. These sections
represent parts of the wall in the vicinity of the leaking hole which undergo thermal changes
due to infiltration and could potentially represent the entire infiltrating or exfiltrating walls.
Aresas that are not affected by leaking air are represented by A3 and A4 and have only
conduction heat transfer. In the context of figure 1, these sections represent the floor, ceiling,
front and back walls, and possibly part of the infiltrating or exfiltrating walls. Since the
anaysisisone-dimensiondl, i.e., of asingle spatial variable, only two building walls, those on
left and right, are needed for the model development. In figure 11, there are no walls on the
top, bottom, front, and back because they have been incorporated into the left and right walls.
The dashed lines do not represent walls but just show that the left and right walls are
connected to form a closed system. The external face of the walls on the left and right form
the control volume boundary of the system.

Aresas of the envelope that are affected by leaking air are represented in the model as a
fluid with the composite properties the fluid/solid/porous wall system. That is, the governing
equation used in the model to describe wall sections affected by infiltration, the convection-
diffusion equation, describes a fluid, but is used here to represent the composite wall system.
Sections of the wall that are not affected by leaking air are treated as a solid material and are
represented with the conduction equation. The six individual flux components shown in
figure 11 will be used to determine the infiltration heat recovery factor.

An important implication of the modeling procedure is that details of the system that
affect the heat recovery (for example, boundary layers, thermal gradients in the wall,
construction details) are lumped and evenly distributed over the entire effective area. The
influence of these details is incorporated into the model in an effective manner through
proper choice of the effective areas A1 and A2 (described later). Oncethisisdoneit is
difficult, if not impossible, to make comparisons between the physics of the model and the
details of the real system that the model represents. The purpose of the model is to provide
select quantitative information about the system, in this case the infiltration heat recovery
factor. It cannot provide details about the system, like boundary layer information, which
have been lumped together in the modeling process.
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Figure 11: Energy flux through the ssmplified building envelope used in the model
development. Sections A1 and A2 are affected by leaking air and have both convection and
conduction terms. Sections A3 and A4 are not affected and have only a conduction term.
The outer faces of the left and right walls form the system control volume boundary.

To

Al - A2

bbb
=
|
—
it

'
:

Ti To
T e R e
f— [ -
X X

Figure 12: Airflow and thermal profile in the infiltrating (left) and exfiltrating (right) walls,
sections A1 and A2, respectively. Air temperatures at the internal and external boundaries are
T, and T, respectively. There are no boundary layers shown in the diagram on the inner and
outer wall surfaces, but the influence of the boundary layer is incorporated into the model in
an effective manner through proper choice of the effective areas A1 and A2.
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5.2. Convection Terms

The total energy flux through the building walls has two components, one due to
convection (Qconv) and another due to conduction (Qcond). For thisinitial study, radiation will
not be included but may be considered in future work. Each component will be determined
across the control volume boundary via equation 15. There is a convective flux only through
the two “effective” areas A1 and A2. These areas do not correspond to the physical areaof a
hole in the envelope, but to the surface area of the envelope that is affected by infiltrating air.
Thus, they are “effective” areas. The actual values for these effective areas, the only
parameters not directly input into the model, will be estimated through comparison with CFD
data

Qconv = Qcon\/z - Qcon\/l (16)
Qe = M, T(x=L)- mc, T(x=0) (17)
Qeony = MC, T, - mc T, (18)

Qeonv =0 (19)

The net convective energy flux across the effective areas, A1 and A2, is determined in
eguations 16-19. Equation 16 states that the net convective flux is the flux at the exfiltrating
wall minus the flux at the infiltrating wall, as shown in figure 11. Note, in this analysis,
energy flow out of the building is considered positive. The air temperatures and mass flow
rates at the control volume boundaries, i.e., the external face of the building envelope, are
used in equation 17. The temperatures at the external boundaries, shown in figure 12, are by
definition the outside air temperature, as equation 18 reflects. Conceptually, there are no
boundary layers at the wall surfaces, but their influence is incorporated into the model in an
effective manner through proper choice of the effective areas A1 and A2. Finally, equation
19 gives the interesting result that the net convective flux across the chosen control volume
boundary is zero. Therefore, the total effective energy flux due to infiltration in the effective
areas will be incorporated into the conduction terms.

5.3. Conduction Terms

The total conductive energy flux across the control volume boundary is given by
equation 20. It states that the flux is equal to the dot product of the temperature gradient at
the control volume boundary (the external wall faces, denoted by the subscript ) and an
outward-pointing normal vector multiplied by the active area and the wall thermal
conductivity summed over the entire boundary. Note that the thermal conductivities in the
following equations are generic quantities whose values will be determined in an effective
manner for the entire wall construction. Equation 21 gives the expanded form of equation 20
when applied to the building envelope shown in figure 11. Note that the normal vectors for
envelope areas 1 and 3 point in the negative x-direction and those for areas 2 and 4 point in
the positive x-direction resulting in mixed signs for the terms in equation 21.
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The gradient terms in equation 21 are evaluated using the solution to the convection-
diffusion equation, given by equation 15. First, the derivative of temperature is taken with
respect to the length coordinate x and is shown in equation 22. Using the appropriate
boundary values, as shown in figure 12, the gradient terms are evaluated at the infiltrating
and exfiltrating walls (A1 and A2) and are given by equations 23 and 24, respectively. This
leaves only terms for the inactive areas of the envelope, A3 and A4, to be evaluated. Since
these areas are not affected by infiltrating air, their conductive flux and the gradient terms
remain constant. The product of the gradient term and thermal conductivity in areas 3 and 4
of the envelope will be represented by a constant as given by equations 25 and 26,
respectively. Finally, the evaluated terms shown in equations 23-26 are placed back into
eguation 21 to give anew relation for the total conductive flux, equation 27.
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The definition for the heat recovery factor is restated in equation 28 with the total
energy flux separated into its convective and conductive components. The term Q, represents
the total energy flux across the building envelope when there is no infiltration, i.e., pure
conduction. For the envelope in this analysis, Q, is represented as the sum of four constant
terms as shown in equation 29. Each term in equation 29 accounts for the conductive flux
across a particular section in the envelope. Using equations 19, 27, and 29 the numerator in
equation 28 can be rewritten as shown in equation 30.

e=1- (Qco‘nv +Qcond) B QO (28)
me, (T - T,)

Qo = Aoz + Aoz + Aslos + Ao (29)

P
Qconv Qcond QO =k Ai(T T, ) 1 +k Az (T T ) ez

(30)
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At this point, the constant terms used to account for conduction through the envelope
will be examined. In redlity, heat conduction through a building wall is dependant on a host
of factorsincluding construction details of the wall, thermal properties of the wall materials,
environmental conditions, and air flow in the vicinity of the wall. However, these details
cannot be incorporated into this one-dimensional model, so a simplified approach is taken
following conventional practice in building energy ssimulation. It is assumed that thereis a
linear temperature profile through the wall and the heat flux obeys Fourier’s law for heat
conduction(13), equation 20. With these assumptions, the conduction heat flux through the
wall with no infiltration, o, is expressed in equations 31 and 32.

=T =
Go 1 dx o L
_ ar| _ T,-T
qo,z - " R dx o - kz L (32)

The information from equations 30-32 can be inserted into equation 28 to provide a
new relationship for the heat recovery factor, given by equation 33. Note, this expression
shows that the heat recovery for the entire building envelope is dependent only on what
happens in the active areas. Of course, a fundamental assumption of this model is that the
envelope can be divided into separate, non-interacting regions, some being affected by
infiltration and some not. The heat recovery factor is a function of the wall thermal
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conductivity, active area, wall thickness, and Peclet number for both the infiltrating and
exfiltrating walls.

Pe Pe e
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e=1- o (33)

p

5.4. Introduction of a Dimensionless Flow Rate

The final step is to recast the Peclet number in terms of quantities that are meaningful
for this application. Thisisan important part of the modeling process, which can be
considered amodeling step in itself. Equation 34 shows the definition of the Peclet number.
The velocity, u, in equation 34 is replaced by the relation shown in equation 35 where m is
the mass flow rate of leaking air, r isthe air density, and A isthe active area. Next, the
thermal conductivity, K, is replaced by the U-value for the wall via equation 36, which makes
use of the relation for conduction given by equation 31. This step replaces the micro-scale
material property, k, with the macro-scale effective U-value for the composite wall system.
The Peclet number is transformed into a dimensionless flow rate, a, defined by Claridge and
Bhattacharyya (8), using effective values characteristic to the system as shown in equation
37.
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Using the relations in equations 33-37, a new expression is created for the heat
recovery factor and is given by equation 38. Equation 38 shows that the heat recovery factor
isafunction only of the dimensionless flow rate, a;, for the infiltrating and exfiltrating walls.
When presented in this form the symmetry between infiltration and exfiltration is apparent. It
is assumed that in practice the leakage rate and the U-value can be measured or estimated.



That leaves only the effective area to be determined before the heat recovery factor can be
calculated. Thiswill be done here through comparison with CFD simulation results.

e=. L+ .1 1.1 3
et-1 e*-1 a, a,

5.5. Area Ratios in the Heat Recovery Factor Equation

One last change will be made in the expression for the heat recovery factor, a
simplification for ease of use. A value is determined for the non-dimensional flow rate for
the entire structure, denoted as a,, using the overall U-value and the total surface area of the
building, denoted as A, as shown in equation 39. Thisis convenient because the UA value for
abuilding is afamiliar quantity that can be measured or estimated. Both a; and a, can now
be expressed in terms of a, and the unknown effective areas can be extracted into separate
parameters as area ratios weighted by the U-values, as equations 40 and 41 show. The final
form of the expression for the heat recovery factor is given by equation 42. It shows that the
heat recovery factor for a given building depends on the UA of the building and the
infiltration rate, which appear as a,, and the effective areas for infiltration and exfiltration,
which appear as the effective arearatios, f; and f,.
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'f1 :i —% (40)

a, UA
u
f,=8 A gy
a, UA
f+f
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5.6. Plots of the Heat Recovery Factor

Some plots of the heat recovery factor, calculated with equation 42, are shown in
figures 13 and 14. These plots show the range of potential values for the heat recovery
factor. The curves shown in figure 13 each have different values for the area ratios, as shown
in the legend, with the individual area ratios (f; and f2) being equal for agiven curve. Note,
the maximum theoretical value possible for the sum of the area ratios is1.0, which
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corresponds to 100 percent of the building envelope being active in the infiltration process.
The curve with each ratio equal to 0.5 corresponds to this situation. Figure 13 shows that the
heat recovery factor is high at small infiltration rates and drops as the infiltration rate
increases. The transit time of air leaking through the wall decreases as the flow rate
increases, alowing less time for heat transfer to occur between the leaking air and wall
structure. This reduces heat recovery. Also, the plot shows that the heat recovery drops with
decreasing arearatios. The ratio corresponds to the fraction of the wall that interacts with
leaking air. When only a small fraction of the envelope interacts with leaking air, its impact
is small and the resulting heat recovery islow, as the case with f = 0.025 shows. When the
ratio is large, the heat recovery is higher.

Figure 14 shows the heat recovery factor curves for four cases. Two of the cases have
egual values for the individua arearatios, f1 and f,, and are taken from figure 13. The other
two have unequal values for the individual ratios, but the sum of the ratios is equal to that of
the corresponding curve with equal arearatios. The top two curves in figure 14 have a tota
effective area of 100 percent, and the bottom two curves have atotal effective area of 20
percent. Actua values used for the ratios are shown in the legend. The same overal
behavior in the heat recovery factor is seen in all the curves. However, at low infiltration
rates, there are small differences between curves that have the same total value for the area
ratios but different individual values. In both comparisons, the cases with unequal ratios have
alower heat recovery than the corresponding case with equal ratios. These results indicate
that for a given leakage rate heat recovery is highest when the effective areais large and the
individual areas (infiltrating and exfiltrating) are equal.
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Figure 13: Heat recovery factor calculated with the simplified model using equal area
ratios (f,=f,=f). Note that the heat recovery drops with decreasing area ratios and
increasing leakage rate.
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Figure 14: Heat recovery factor calculated with the simplified model using unequal
area ratios. For a given sum of area ratios (fi+f,) the heat recovery is highest when
the individual ratios are equal.

5.4. Comparison of Mathematical Model with CFD Results

Predictions of the heat recovery factor made with the mathematical model, equation
42, are now compared to values determined from CFD simulations. In these comparisons,
the area ratios in the model, f; and f,, are adjusted to provide the best overall agreement as
determined by aleast-squares fit. The ratios are given equa values here because the
infiltrating and exfiltrating walls used in the CFD simulations were symmetric.

Figure 15 shows heat recovery values for the walls with a high/low hole configuration
determined from 2D and 3D CFD simulations and the model. The value for the area ratio was
adjusted to give the best agreement, which, for this case, was found to be 0.33, or 33 percent
of the wall area. The model predictions show fairly good agreement with CFD results, but do
not match exactly. Better agreement would occur if the model predictions were dlightly
lower at small leakage rates and dightly higher at large leakage rates.
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Figure 15: Heat recovery factor for walls with a high/low hole configuration
(insulated and empty wall cavities) determined from CFD simulations and the simplified
model (equation 42) using a constant area ratio (f=0.33).

Figure 16 shows hesat recovery values for the walls with a straight through hole
configuration determined from 2D and 3D CFD simulations and the model. For this case, the
best agreement was achieved with a value of 0.18 for the area ratio, or 18 percent of the wall
area. Agreement is good, but, as before, agreement would be better if the model predictions
were dightly lower at small leakage rates and dightly higher at large leakage rates.
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Figure 16: Heat recovery factor for walls with a straight through hole configuration
(insulated and empty wall cavities) determined from CFD simulations and the analytical
model (equation 42) using a constant area ratio (f=0.18).

The resultsin figures 15 and 16 suggest that our simple model does not capture the
full physics of the problem. While the trend is generally correct, the model predictions
decrease faster at high flow rates than the CFD data does. Some of the CFD results suggest
that part of the heat recovery occurs in the thermal boundary layers on each side of the wall
and part occurs within the wall. For example, cool infiltrating air falls along the inner surface
of the wall reducing the conductive heat loss. Also, some of the air sucked into the leak from
the external boundary layer will be at a higher temperature (a smaller overall temperature
difference) and will mitigate the infiltration load. This effect can be seen by looking at the air
flow velocity vectors from one of the two-dimensional CFD simulations shown in figure 17.
This effect would imply that even with no heat exchange within the wall itself there would be
some heat recovery. We expect this effect (sucking in the thermal boundary layer) to be the
dominant mechanism for heat recovery at higher leakage rates. Additionally, non-uniform air
flows within the wall could enhance this effect (e.g., through interaction with convective
cells).

We believe these effects contribute to heat recovery, but they are not explicitly
included in our model. Therefore, we consider the possibility of avariable arearatio in
which the area is augmented to include the effects of the boundary layer and other convective
interactions. The variable area ratio model must meet certain physical constraints. When
there is very little air leakage, the area ratio and the boundary layer effect should be small.
Also, there should be a positive definite increase in the magnitude of the area ratio with
increasing leakage to an asymptote that must never be greater than one.
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Figure 17. Air flow velocity vectors from a two-dimensional CFD simulation of the
wall with a straight through leakage path (wall 2). It shows how the external boundary layer
can be sucked into the leak and infiltrating air can be held near the interior wall surface.

To test the efficacy of avariable area ratio representation calculations are performed
to determine the ratio magnitude needed to make the analytical model predictions of the heat
recovery factor agree exactly with those determined from CFD. Thisis done at every CFD
data point for empty and insulated walls with both high/low and straight through leakage
configurations. Results for the high/low configuration are shown in figure 18 and results for
the straight through configuration are shown in figure 19. In both cases, the arearatio starts
off small, close to zero, at low leakage rates, as expected. As the leakage rate increases, the
arearatio increases and appears to level off at higher leakage rates. The arearatio for the
high/low configuration increases faster than that for the straight through and levels off at a
larger value. Again, thisisthe expected behavior based on physical constraints. There are
some outlying points in figures 18 and 19, which correspond to the 3D data. We are not
certain why these points are outlying from the general trend, but it could be due to numerical
error in the calculations related to insufficient grid resolution. This analysis suggests that a
variable representation for the area ratio based on leakage rate could increase the accuracy of
the analytical model. The exact mathematical form for this relation and the physical basis for
the form are now under investigation.
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Figure 18: Arearatio for walls with a high/low hole configuration (insulated and
empty wall cavities) determined by matching the analytical model (equation 42) predictions
to CFD heat recovery factors at individual CFD data points.
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Figure 19: Arearatio for walls with a straight through hole configuration (insulated
and empty wall cavities) determined by matching the analytical model (equation 42)
predictions to CFD heat recovery factor at individual CFD data points.



6. Conclusions

In this study, CFD simulations were used to examine the fundamental physics of the
infiltration heat recovery process. Results were found to compare well (within about 10
percent) with limited published laboratory data corresponding to one of the leakage scenarios
examined. Also, a simple, robust macro-scale mathematical model was developed that can
accurately predict the heat recovery factor for air infiltrating through building walls when
supplied with the proper input. The required inputs are the building U-value, the leakage
rate, and an effective areafor infiltration and exfiltration. The effective areas were
determined here for specific leakage geometries through comparison with CFD data. The
leakage geometries examined may be fundamental cases that can be combined to create most
other leakage scenarios. Over the wide range of airflows considered, model predictions agree
fairly well with CFD data. However, it appears that better agreement can be attained by
using a variable relation, based on leakage rate, for the effective area. The exact
mathematical form for this relation and the physical basis for the form are now under
investigation.

These results show the potential importance of infiltration heat recovery. The extent
of heat recovery was found to be dependent on the |eakage path geometry, infiltration flow
rate, and wall construction. In some cases with low infiltration rates and long leakage paths,
the heat recovery can be substantial, well over 80 percent. In these cases, the classical
method would over-predict the extra heating load due to infiltration (see appendix 4 for a
detailed example). According to these findings, under typical leakage conditions for most
residential buildings (a, £ 1) the heat recovery could be around 40 percent. Even at
infiltration rates that would be considered very high for residential buildings (a, = 5) the heat
recovery is still sizeable at about 20 percent. In this situation, the conventional prediction for
the infiltration load would be in error by 20 percent.

All possibilities have not been examined in this study, but it is clear that some
modification could be made to the conventional method for prediction of infiltration energy
loads to increase its accuracy. The model for infiltration heat recovery presented in this paper
could easily be incorporated into whole-building energy analysis programs to provide
improved predictions for the energy impact of steady-state infiltration. An important
implication of the modeling procedure is that details of the system that affect heat recovery
(for example, boundary layers, thermal gradientsin the wall, construction details) are lumped
and evenly distributed over the entire effective area. The influence of these detailsis
incorporated into the model in an effective manner through proper choice of the effective
areas. Once thisisdoneit is difficult, if not impossible, to make detailed comparisons
between the physics of the model and the reality that the model represents. The purpose of
the model is to provide select quantitative macro-scale information about the system, in this
case the infiltration heat recovery factor. It cannot provide detailed information about the
system, like boundary layer structure, which have been lumped together in the modeling
process.
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Appendix 1: Infiltration Basics

App.1.1: Energy flux through the building envelope

In this analysis two modes of energy transfer through the building envelope are
considered: conduction, mainly through the walls, and convection, viainfiltrating air. These
are shown graphically in Figure L. App. Inreality, energy transport also occurs through
radiation, but we think infiltration has little impact on this load and vice versa. This
hypothesis will be tested in future work. Also, convective transport occurs viathe HVAC
system intake and exhaust, but this has no direct effect on infiltration heat recovery so it will
not be considered here. The infiltration load and conduction load interact strongly and,
therefore, are the most important quantities to study in order to understand the infiltration
heat recovery phenomenon.

me, T, mc, T

Figure 1.App: Cross section of a generic building envelope showing the conventional
conduction and infiltration energy load terms. Q, is the conduction energy load with no
infiltration and mcy(Ti — Ty ) is the infiltration energy load, where T is the indoor air
temperature, T, is the outdoor air temperature, and m is the leakage rate. Air leaking into the
building is said to be infiltrating and air leaking out of the building exfiltrating.



App.1.2: Conventional method of accounting for infiltration energy load

In the absence of infiltration through the building envelope, the energy load on the
building, not considering radiation and HVAC intake/exhaust, is that purely from conduction,
denoted as Q,. When there is infiltration the conventional method of accounting for the extra
energy load, Qinic, isto add a simple convective term to the energy balance for the building
that is based on the leakage rate and the indoor and outdoor air temperatures. The
conventional relationship used to calculate the total energy load with infiltration, denoted as
Qc, is based on the system shown in figure 1.App and is given by equation 1.App. This
relationship assumes there is no interaction (heat transfer, moisture deposition, etc.) between
the leaking air and building walls.

QC = Qo +QinfC = Qo + me (TI - To) (1App)

App.1.3: Including Infiltration Heat Recovery in the conventional method

In redlity, there is heat transfer between the building walls and leaking air as is enters
(infiltration) and exits (exfiltration) the building envelope. The result is that the actual values
for the conduction, infiltration, and total loads are different from that predicted by equation
1.App. This case is shown graphically in figure 2.App. with the appropriate variables. The
relationship for the actual total energy load is given by equation 2.App., in which Qy*, Qinr,
and Q are the actual conduction, infiltration, and total loads, respectively.

Q=Q, +Qu=Q, +mc,(T,-T,) (2App)

In the case of awarm inside and cool outside (T;>T,), heat transfer within and near
the surface of the building envelope walls would cause infiltrating air to enter the building at
atemperature greater than that outside and exfiltrating air to exit at a temperature less than
that inside. The actual temperatures of infiltrating and exfiltrating air (T, and To,
respectively, taken at some consistent system boundary) are not known and are dependent on
a host of factors, but this implies that, in general, the infiltration energy load is less than that
predicted by the conventional method. The effect on the conduction load is not known,
however. Since the process is asymmetric in this study (conduction decreased by infiltration
and increased by exfiltration), it is thought that the net effect on the conduction load is small.
This suggests that the actual total energy load is less than that predicted by the conventional
method, i.e., Q<Qc. Inredlity, theinfiltrating and exfiltrating leakage paths will most likely
not be completely symmetric and the actual effect on the conduction load will depend on the
leakage characteristics of the specific structure. This topic will be explored in future work.

Q=Q,+ (1-eymc (T, - T,) (3.App)

In light of the situation, i.e., an unknown actual conduction load thought to be close to
the conduction load with no infiltration and a reduced infiltration load with unknown actua
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air temperatures, an obvious and simple method of accounting for the effect of infiltration
heat recovery isto insert a reduction factor into the conventional relationship for the total
building energy load, equation 1.App., so that it provides the actual total energy load. The
reduction factor is multiplied by the infiltration term, since this term is known to be reduced
by heat recovery, and the conduction term is represented by the conduction load with no
infiltration. Equation 3.App utilizes this accounting method to give the actual total energy
load. The quantity e in equation 3.App is caled the infiltration heat recovery factor and
accounts for the net effect of heat transfer between leaking and building walls. Note, the
values of the individual termsin equation 3.App probably do not accurately predict the actual
values but the sum total is correct if e is properly chosen. Thisis a convenient and useful
method because the parameters in equation 3.App (Qo, M, T;, Ty) should al be known. This
reduces the problem to smply determining e, as compared to determining the actual values of
the individual terms, which could be very difficult.

mc,l| mc, 1
e T; e
Tl,'ln

Figure 2.App: Cross section of a generic building envelope showing the actual conduction
and infiltration energy load terms. Q ,, is the actual conduction energy load with infiltration
and mcy(T2 — Ty ) isthe actud infiltration energy load, where T, is the exfiltrating air
temperature, T is the infiltrating air temperature (taken at the system control volume
boundary), and m is the leakage rate. Note that for T;>T,, in genera T1>T, due to warming
and T,<T; due to cooling and the relation between Q , and Qo is unknown but they are
thought to be nearly equa in size.

Appendix 2: CFD Details

App. 2.1: Wall modeling and boundary conditions

In the CFD simulations, several mathematical equations are used within the
computational domain to represent different components of the leaking building wall system
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under investigation. A schematic showing a cross-section of the system is given in figure
3.App. for asingle wall (infiltrating or exfiltrating) with an insulated wall cavity.

This schematic illustrates how various equations and boundary conditions are combined
gpatially to create the leaking building wall system. Note, results from two or more walls are
added together to provide information for a complete room system.

The outer border of the system supplies boundary conditions (temperature, pressure,
velocity) for the smulation. As figure 3.App shows, the left and right sides of the system
boundary are composed of awall with zero flow velocity and fixed thermal boundary
conditions and an inlet or outlet with fixed thermal and pressure (or velocity) boundary
conditions. The region within the boundary is comprised entirely of live cells (control
volumes). Calculations are performed for each live cell using the appropriate governing
equations to determine numerical values for the relevant variablesin that cell. In cells that
represent air, the Navier-Stokes and energy equations (eg. 4-6) are the governing equations.
Cells that represent the wall sheathing are governed by the conduction equation (eg. 7). Cells
that represent insulation are governed by Darcy’sLaw and a modified energy equation (eg. 8-
9). Thisinformation is shown graphically in figure 3.App.

S
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B wall 1 be.’s (U=0, T=T1) []  Air (Navier-Stokes & energy eqns.)
. Wall 2 b.c.’s (U=0, T=T2) . Wall sheathing (conduction eqn.)
Inlet or outlet b.e.’s (U, P, T) ] Insulation {Darcy’s Law & energy eqn.)

Adiabatic wall

Figure 3.App: Schematic of aleaking building wall cross-section showing the boundary
conditions and governing equations used in the CFD simulations. The live control volumes
(those enclosed by the outer boundary) represent air, insulation, and the wall sheathing. They
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are governed by the equations as shown in the figure. The outer boundary is composed of a
wall supplying wall boundary conditions (zero flow velocity and a different fixed temperature
on each side of the leaking wall) with an inlet on one side of the leaking wall and an outlet on
the other. The inlet and outlet supply thermal and pressure (or velocity) boundary conditions.

App. 2.2: Thermal equilibrium in the wall insulation

A fundamental assumption in using a single fluid dynamics equation (equation 8) to
represent energy transport in the wall insulation is local thermal equilibrium between the
fluid and solid phases (air and glass fibers) of the insulation. If the two phases are not in
thermal equilibrium then two separate energy equations must be used, one for the fluid phase
and one for the solid phase.

In this section, an analysis is performed using a representative system to determine if
our air/insulation system isin thermal equilibrium. In the representative system air flows into
a porous media (the insulation) at a velocity and temperature of U and T,, respectively. The
solid part of the porous media (glass fibers) maintains a constant temperature of Ts. Asair
flows into the porous media it exchanges heat with glass fibers and the air temperature
changes until it eventually reaches the glass fiber temperature. At this point, they arein
thermal equilibrium. For this analysis, we will consider the fluid and solid to be in
equilibrium when there is a temperature difference of 0.1 percent or less between the phases.

dT
r chE=hAS(TS- T) (4.App)

/2 13
Nu, =0.3 + 0.62Re” “ Pr (5.App)

" b+ (0arpy 2"

h=Nu, k/D (6.App)

In this analysis, a control mass of air is followed as it flows through the porous media.
The temperature of the air is calculated versus time, or correspondingly penetration distance
into the porous media, via equation 4.App. Equation 4. App is merely a statement of the First
Law of Thermodynamics; the control mass enthalpy time rate of change (Ihs) is equa to the
rate of heat transfer (rhs). In equation 4.App, V is the control mass volume, h is the heat
transfer coefficient, As is the fiber surface area, and T is air temperature.

The heat transfer coefficient for cross-flow over acylinder is used in these
calculations as this flow geometry most closely resembles our case (the glass fibers are
essentialy circular cylinders). Equations 5.App and 6.App give the relations used to
determine the heat transfer coefficient based on Reynolds number, Prandtl number, and fiber
diameter (D). The control mass volume is arbitrarily set to 1 . In our system, the
insulation is 99 percent air by volume and 1 percent glass fibers. The fiber surface areais
determined from the volume fraction and by setting the fiber diameter to 10 microns (a
typical diameter for glass fiber insulation) and assuming the fibers are 1 meter in length.
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The time it takes incoming air to reach thermal equilibrium and the corresponding
penetration distance into the porous media are calculated with equations 4.App to 6.App.
The air temperature versus penetration distance into the porous media (insulation) is shown in
figure 4.App. Inthis case, thereisanomina non-dimensional leakage rate (a,) of one
(corresponding to a flow velocity of about 0.08 m/s) and the bulk air and glass fiber
temperatures are 274 and 298 Kelvin, respectively. The figure shows that as the air flows
deeper into the insulation its temperature increases and eventually reaches the glass
temperature at a distance of about 1.5x10° m. The air reaches thermal equilibrium with the
glass fibers very quickly. Compared to the smallest dimension of the wall insulation (0.1 m)
this distance is negligible. Therefore, it is appropriate to use a single equation to represent
the energy transport in the wall insulation.

air
—.—g|aSS

270 T T
0 0.000005 0.00001 0.000015

distance (m)

Figure 4.App: Air and glass fiber temperature versus penetration distance into the insulation.
The glass fiber temperature is held constant at 298 K and the incoming air temperature is 274
K. Astheair flows deeper into the insulation its temperature increases and eventually
reaches the glass fiber temperature at a distance of about 1.5x10°> m.

Further calculations are performed to determine the equilibrium distance for the
insulation at various flow rates and for another porous media, a packed bed composed of
spherical glass balls (2 cm dia). The non-dimensional flow rate is varied from about 0.25 to
2.25 to see how the equilibrium distance changes with flow velocity. Figure 5.App shows
that the equilibrium distance increases amost linearly with flow rate. Note that the vertical
scale showing distance is logarithmic. Even at the highest leakage rates (around 2 in most
buildings) the equilibrium distance for the insulation would be very small compared to the
wall dimensions, so a single equation for energy transport in the porous media would be
appropriate. The situation is different for the packed bed, however. The equilibrium distance
for the packed bed is roughly three orders of magnitude higher than that for the insulation.
Thisis mainly due to the much lower surface area of the solid phase in the packed bed, which
resultsin less heat transfer. In this case, the equilibrium distance is on the order of the wall
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thickness, so the air and solid phase would not have enough time to reach thermal
equilibrium. Therefore, two equations would have to be used to represent energy transport in
the packed bed: one for the solid phase and one for the fluid phase.

1.00E+00

1.00E-01 rr_,.________..

1.00E-02 -

—eo—fibers
—&— packed bed

1.00E-03 -

1.00E-04 -

1.00E-06 . .
0 1 2 3

dimensionless flow rate

equilibrium distance (m)

Figure 5.App: Equilibrium distance versus leakage rate for two different types of porous
material: glass fibers and a packed bed of glass spheres. The glass fiber material (insulation)
has a much shorter equilibrium distance than the packed bed suggesting that a single equation
can be used for energy transport in the fibers, while two equations would have to be used for

energy transport in the packed bed.

Finally, a macro-scale analysis is performed to determine how the glass fiber and air
temperatures vary through the entire depth of aleaking wall. Thisis a one-dimensional
analysis in which it is assumed that only the mode of heat transfer is from the glass fibers to
ar. Inredlity, thisis not the case, but this analysis is good for illustrative purposes.

2
r chAd—T:kAd LI hA,, (T.-T) 7.App
dx dx?
d>2T, _
ksAE dXZ - hA%urf (Ts - T) =0 8App

The governing equations for the air/fiber system are shown in equations 7.App and
8.App. Equation 7.App is the energy equation for air and 8.App is the energy equation for
glassfibers. Inthe above equations, V is the leaking air velocity, A isthe cross-sectiona area
of air, h isthe heat transfer coefficient (see equation 6.App), At IS the glass fiber surface
area (determined earlier in this section), Tsis the fiber temperature, T isthe air temperature, Ks
Is the glass thermal conductivity, Asisthe total cross-sectiona area of glass fibers, and x is
the distance into the wall. A simple analysis, in which the Peclet number (Pe = r VLcy/K) is
calculated using characteristic values, shows that convection is the dominant mechanism for



energy transport in the air. This allows us to drop the conduction term in equation 7.App
(second-order term) in this analysis.

The governing equations are solved using standard techniques of ODE’s under the
following boundary conditions. T(0) = Tout, Ts(0) = Tout, and T(L) = Tin , where Tyt isthe
outside temperature (274 K) and Tj, is the inside temperature (298 K). The standard solution
for T and Tsis given below in equations 9.App and 10.App. In the equations, C1, C,, and C3
are constants, r, ro, and r3 are roots of the auxiliary equation, and | isaratio of certain
problem parameters, i.e., r VACy/hAsyt. The actual values for the constants, the roots, and |
vary with the assigned parameter values in the equations. Figure 6.App shows the air and
glass fiber temperatures through the wall for a given, characteristic set of parameter values.
The two curves essentially overlap, as the temperatures are nearly equal. The same behavior
occurrs with al realistic variations in the parameters, indicating that the assumption of
thermal equilibrium between the air and glass fibersis valid.

T(x)=C,e"™ +C,e® +C,e™ 9.App
dT
T.(X) =T+l — 10.App
dx
300
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Figure 6.App: Air and glass fiber temperatures versus distance through the leaking wall for a
chosen set of system parameters. There are two curves plotted, but only one is apparent
because the air and fiber temperatures are nearly identical. This further supports the
assumption of thermal equilibrium between the air and glass fibers.



App. 2.3: Solution Methodology

Although we want steady-state values for our analysis, it was not possible to achieve a
converged solution to the steady-state equations (i.e., no time dependent term). The solution
either diverged or would not converge to the set limits when solving the steady-state
equations. The convergence criteria are that the sum of the normalized residuals are less than
or equal to than 1073 for the continuity and momentum equations and 10°® for the energy
eguation. These are the standard convergence criteria suggested in the Fluent user guides.

In an attempt to achieve a converged solution, the transient equations were solved and
allowed to proceed in time until a steady-state solution was reached. This would have
worked well, but it would have taken too long. Using atime-step of 0.1 sec provided a
converged solution at each time step and proceeded nicely toward steady-state, but it would
have taken days to complete a single simulation. To speed up the solution process, a method
was developed in which the time step was gradually increased from 0.1 sec to 60 sec and then
gradually decreased again to 0.1 sec. The time step size was changed gradually because it
was found that sudden changes in the time step could result in divergence of the solution. By
increasing the time step to a large size of 60 sec, the flow and thermal fields can develop
much more quickly (in wall clock time) which helps to reduce the overall simulation time.
Unfortunately, with the 60 sec time step the solution did not converge, so it was necessary to
reduce the time step back down to 0.1 sec to provide a converged solution for the final
results. Since the solution process uses an iterative method, the final results at the end of the
simulation are all that really matters. All of the previous values calculated during the solution
process, whether converged or not, can be considered improved initial guesses in the iterative
process that lead to the final solution.

One additional technique was used to speed up the solution process. At several points
in the smulation, when the 60 sec time step was in use, the solution was stopped and the
equations were decoupled. The continuity and momentum equations were turned off (the
flow field was frozen in time) and the energy equation was allowed to proceed in time until a
steady-state solution (based on the intermediate frozen flow field) was reached. Then, the
continuity and momentum equations were turned back on and the solution proceeded with the
equations coupled. After a certain number of time steps have passed, the equations were
decoupled again and the process repeated. This helped speed up the solution because the
thermal field developed slowly, relative to the flow field, due to the insulating effects of the
wall. Inthisway, the thermal field was alowed to jump ahead of the flow field and very
quickly reach an intermediate solution. Then, once the flow equations were turned back on
the flow and thermal fields would interact and come back into equilibrium.

This entire method is a fairly common technique for speeding up solutions of complex
CFD problems and is discussed in the Fluent users guide (Fluent 4.4 user guide, Volume 3,
Chapter 16, pages 44-49). The solution process used in this work is detailed below.

Solution Process:

1) Provideinitia guess (initia conditions) for flow and thermal fields. All velocities are set
to zero. Theleft half of the domain is set to the inside temperature (or outside depending
on whether the wall is infiltrating or exfiltrating) and the right half is set to the outside
temperature (or inside temp.)

2) The solution is begun with a 0.1 sec time step and proceeds for 5 time steps.



3) Thetime step size is changed to 1 sec and the solution proceeds for another 5 time steps.

4) Thetime step sizeis changed to 10 sec and the solution proceeds for another 5 time steps.

5) Thetime step sizeis changed to 60 sec and the solution proceeds for another 60 time
steps.

6) Theflow equations are turned off and the energy equation is solved to steady-state using
the intermediate flow field.

7) The flow equations are turned back on and the solution proceeds for another 60 time steps
with atime step size of 60 sec.

8) Steps 6 and 7 are repeated twice.

9) Thetime step sizeis reduced to 10 sec and the solution proceeds for 20 time steps.

10) The flow equations are turned off and the energy equation is solved to steady-state using
the intermediate flow field.

11) The flow equations are turned back on and the solutions proceeds for another 20 time
steps.

12) Steps 10 and 11 are repeated once.

13) The time step is reduced to 1 sec and the solution proceeds for 60 time steps.

14) The flow equations are turned off and the energy equation is solved to steady-state using
the intermediate flow field.

15) The flow equations are turned back on.

16) The time step is reduced to 0.1 sec and the solution proceeds for 100 time steps.

17) The datais written to afile.

Appendix 3: Sample CFD Results: Energy Flux through Leaking Walls

In the framework of this study, a building envelope section with no air leakage has
only one component in the energy flux through the wall, pure conduction, denoted as Q,. An
envel ope section which experiences air leakage has two components in the energy flux, that
due to conduction (Q ,) and that due to convection or infiltration Q). In calculation of the
heat recovery factor, the non-leaking elements subtract out of the equation (see equation 2),
so only the leaking walls need to be considered. Therefore, in this study a complete room is
constructed by combining two leaking walls, one infiltrating and one exfiltrating. Thisis
illustrated in figure 7.App.

The infiltrating and exfiltrating walls are s mulated independently and the four flux
terms (two for each wall) are added together to determine the heat recovery factor for a given
leakage rate. In each case, the conduction and convection flux component is determined at
the external (outside) face of the wall as shown in figure 7.App.



Figure 7.App: Convection (Qinf) and conduction (Q o) energy flux components through
infiltrating (left) and exfiltrating (right) walls with a hi/low hole configuration (wall 1). The
directions of leaking air (convection) and conduction are anti-parallel in the infiltrating case
and parallel in the exfiltrating case. The control volume boundary is the external face of the

walls, i.e, the left face of the infiltrating wall and right face of the exfiltrating wall.

Asthe leakage rate varies, the conduction and convection flux components change in
both the infiltrating and exfiltrating walls. The total energy flux through the boundary of the
room system changes, also. Thisis because leaking air alters the thermal profilesin and near
the wall changing the overall heat transfer. Thisisillustrated in figure 8.App using CFD
results from an infiltrating wall 1 configuration. Figure 8.App shows that parts of the wall
that are far away from the holes in the sheathing (the middle section of the wall in this case)
have a nearly linear temperature profile through the wall. Thisis similar to awall with no
leakage. Leaking air does not seem to have a significant effect in this region. In the vicinity
of the holes, leaking air changes the thermal profiles in the wall and significantly impacts the
heat transfer through this region.




Figure 8.App: Therma profiles at various locations of an infiltrating wall with a hi/low hole
configuration (wall 1). The wall outline is represented by the black line, the outside
temperature is cold (represented by blue), and the inside is warm (represented by red). The
picture on the left shows thermal profiles in the middle section of the wall far away from
holes in the sheathing. This section has essentially a linear temperature profile through the
wall just as awall with no leakage does. The profile here looks like that for a wall with pure
conduction. The middle picture shows thermal profiles near the hole through which air leaks
from outside into the wall. It is clear that the infiltrating air cools this region and
significantly alters the thermal profile in the wall. The picture on the right shows thermal
profiles near the hole through which leaking flows from the wall cavity into the room. The
leaking air also alters the thermal profilesin this region.

The conduction and convection components for the insulated wall with a hi/low hole
configuration (wall 1) are shown in figures 9.App and 10.App versus a non- dimensionalized
form of the leakage rate (a,). Figure 9.App shows the flux components for an infiltrating
wall. The conduction flux drops and the convection flux rises with increasing leakage rate.
In this case, the flow direction of leaking air (into the room) is opposite the direction of
conduction (out of the room)—see figures 1.App. and 7.App. Recall, the indoor temperature
is greater than the outdoor temperature so energy conducts out of the room. Leaking air in
the infiltrating wall opposes conduction, so as the |eakage rate increases the conduction flux
decreases. The convection flux scales almost linearly with the leakage rate.

The energy flux components for the exfiltrating wall are shown in figure 10.App. In
this case, the flow direction of leaking air is the same as the direction of conduction, out of
theroom. Leaking air enhances the conduction flux and this component increases with
leakage rate. Again, the convection flux scales amost linearly with the |eakage rate.

These figures illustrate how the important physical mechanisms at work in a building
wall experiencing air infiltration (conduction and convection) affect one another and how
their relative contributions to the energy flux vary with leakage rate. During infiltration the
two mechanisms oppose each another, and during exfiltration they enhance one another. This
same behavior is seen in al leaking walls regardiess of the construction details or the leakage
path geometry. It is the coupled nature of the mechanisms that give rise to the phenomena of
infiltration heat recovery. The heat recovery, however, is masked in the numbers and can
only be determined by adding together the flux components from both (all) of the walls and
performing the proper calculations.
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Figure 9.App: Convection and conduction energy flux components through an infiltrating
wall with a hi/low hole configuration (wall 1). Leaking air opposes conduction, in this case,
so this component drops with increasing leakage rate. The convection component increases

amost linearly with leakage rate.
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Figure 10.App: Convection and conduction energy flux components through an exfiltrating
wall with a hi/low hole configuration (wall 1). Leaking air enhances conduction, in this case,
so this component grows with increasing leakage rate. The convection component increases

almost linearly with leakage rate.



Appendix 4: A Worked Example Using the Infiltration Heat Recovery Factor

In this section, sample calculations are performed to illustrate the impact of
infiltration heat recovery on building energy load predictions. Heat recovery values from
CFD simulations of the wall 1 geometry (see figure 4) are used. Infiltration and total energy
loads are calculated using the conventional method and an improved method which accounts
for heat recovery over the range of leakage rates to provide an idea of the error incurred by
not considering infiltration hest recovery.

In these calculations, a nominal value of 3000 W is used for the building conduction
load (Q). This should be reasonable for a moderate-sized residential building in fairly cold
weather. Theinfiltration (Qinc and Qi) and total (Qc and Q) energy loads are calculated via
equations 1.App and 3.App.

The conventional and actual infiltration loads are plotted versus the non-
dimensionalized flow rate in figure 11.App. The conventional load estimate increases
linearly with flow rate asit is merely the product of the leakage rate, the specific heat of air,
and the bulk air temperature difference. The actual energy load is significantly less than the
conventional estimate and increases in a non-linear fashion. This plot shows that heat
recovery acts to reduce the infiltration load.

The total building energy loads, conventional and actual, are shown in figure 12.App.
Again, the actua load is substantially lower than the conventional load. The difference
between the two values is due to heat recovery. The size of the difference is shown in figure
13.App. Thisfigure shows that the difference between the conventional total load and the
actual total load is small at low leakage rates and grows with increasing leakage rate reaching
a maximum difference of about 25 percent in this case. At high leakage rates the error begins
to decrease because the heat recovery is small. The percent difference indicates the error that
would be incurred in total building energy load predictions that do not include infiltration
heat recovery.
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Figure 11.App: Infiltration energy loads for the wall with a hi/low hole configuration (wall

1). Qnic isthe conventiona infiltration load, calculated as mc, DT, and does not account for

heat recovery. Qixs isthe actua infiltration load, calculated as (1-€) Qintc, and accounts for

heat recovery through the heat recovery factor e. The actud infiltration load is always less
than the conventional estimate because of heat recovery.
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Figure 12.App: Total energy loads (conduction plus infiltration) for the wall with a hi/low

hole configuration (wall 1). Qc isthe conventiona total load and Q is the actual total load.

A constant set value of 3000 W is used for the conduction load. Note that the actual total
load is always less than the conventional estimate because of infiltration heat recovery.
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Figure 13.App: Percent difference between the conventional and actual total energy load.
Thisis the error incurred by using the conventional estimate for the infiltration load.



